outer membrane permeability barrier. Most dipeptide insertions had normal transport function and assembly in the membrane. Only 2 of the 27 deletions spanning residues 5 and 514 possessed transport function, and most of the remainder were not stably inserted in the membrane. Most duplications (19 of 21) retained transport function and were inserted in the outer membrane, although some were subject to proteolysis. Even long duplications containing as many as 340 repeated amino-terminal residues retained function, suggesting considerable plasticity in the sequence requirements for membrane insertion of BtuB. Expression of many deletion and duplication proteins conferred increased susceptibility to structurally unrelated inhibitors that are normally excluded by the outer membrane. These results could be consistent with the mutational disruption of extracellular loops or transmembrane segments of BtuB that constitute a gated channel, but the finding that alterations throughout the length of BtuB affect membrane permeability properties suggests that the altered proteins might perturb the outer membrane structure itself.
Several different classes of transport proteins allow passage of nutrients across the outer membrane of gram-negative bacteria (reviewed in reference 28). The majority of nutrients in Escherichia coli diffuse through the general porins, OmpF or OmpC, or through selective porins with preferences for particular substrates, such as maltoporin LamB, phosphoporin PhoE, and nucleoside-preferring porin Tsx. Crystallographic analyses of the OmpF and LamB porin trimers revealed that they form barrel-shaped transmembrane structures composed of antiparallel, amphipathic ␤-sheets (12, 34) . Iron-siderophore complexes and cobalamins are too large to diffuse efficiently through the porin channels; their uptake requires a family of outer membrane transport proteins that bind them with high affinity and specificity. The action of these transporters depends on metabolic energy coupled through the TonBExbB-ExbD protein complex, and all TonB-dependent transporters share several regions of sequence similarity (reviewed in references 8, 18, and 30) . Models for the transmembrane topology of several TonB-dependent transporters have been based on the positions of amphipathic transmembrane ␤-sheets and extramembranous turns predicted from the amino acid sequences and from the determination of the extracellular exposure of native and inserted epitopes (2, 22, 25, 26, 36) . These models predict the presence of 16 to 32 transmembrane sheets and extensive extracellular loops. Mutational analyses of the transporters by the generation of missense changes, peptide and epitope insertions, and in-frame deletions have been used to identify regions involved in ligand-binding activities (1, 6, 9, 10, 14, 22) .
The smallest of the TonB-dependent transporters (594 amino acids in its mature form), BtuB, mediates the uptake of vitamin B 12 (cyano-cobalamin [CN-Cbl]) across the outer membrane as well as the TonB-independent uptake of the E colicins, colicin A, and phage BF23 (7, 15, 16, 18) . We previously described the properties of oligonucleotide linker insertions in btuB which introduced two amino acid residues at 10 sites in the mature polypeptide chain (14) . Most of these dipeptide insertions had no apparent effect on the function or incorporation of BtuB into the outer membrane. The presence of the unique restriction site created by the oligonucleotide linker allowed the construction of in-frame deletion and duplication variants (23) . Most of the deletion proteins were defective in all BtuB functions and were not stably incorporated in the outer membrane. In contrast, duplication of the same sequences did not prevent function or incorporation in the outer membrane. These results suggested either that multiple portions of BtuB could direct stable insertion into the outer membrane or that the loss of any transmembrane segments blocked membrane insertion though their redundancy could be tolerated. To address these hypotheses, we prepared and analyzed a larger series of insertion, deletion, and duplication variants spanning most of the BtuB protein.
The expression of several in-frame deletions in the TonBdependent ferrienterobactin and ferrichrome transporters FepA and FhuA conferred a substantial increase in the cells' susceptibility to structurally unrelated antibiotics and hydrophobic agents that are normally excluded by the outer membrane (19, 24, 31) . This hypersensitive phenotype was associated with conversion of the highly specific FhuA and FepA transporters into nonspecific diffusion channels. These deletions may have removed part of a gating structure that allows the passage of only the proper substrate. It was of interest to see whether mutational alterations could identify regions of BtuB that likewise affect outer membrane permeability. We describe the effect of the overlapping series of deletion and duplication mutations in btuB on the integrity of the outer membrane permeability barrier and their implications for analysis of transmembrane topology in the outer membrane.
MATERIALS AND METHODS
Bacterial strains and plasmids. The E. coli strains used in this study are described in Table 1 . Plasmid pAG1 is pUC8 carrying a 2.4-kb btuB insert (13) . All mutated forms of btuB (see Tables 2 to 4) were resected into pAG1 by exchange of the HindIII-PstI fragments constituting most of the btuB coding sequence. The phenotypes of the btuB variants expressed from the chromosomal locus in single gene copies were determined in strain RK8457, which was constructed by the following steps. The ⌬btuB::aphT allele, in which the aphT kanamycin resistance determinant replaced the btuB sequence encoding residues 5 to 434, was made by the triple ligation of the larger PstI-BamHI fragment from pAG1-Bam5, the smaller PstI-BamHI fragment from pAG1-Bam434, and the 1.4-kb BamHI fragment from pUC-4K carrying the aphT kan cassette. Plasmids from kanamycin-resistant transformants were tested by restriction mapping for replacement of the btuB sequence by the kan cassette and yielded plasmid pKB1. Transformation of pKB1 into a polA1 strain yielded ampicillin-and kanamycinresistant colonies in which plasmid pKB1 had integrated into the btuB chromosomal locus. Ampicillin-sensitive, BF23-resistant, kanamycin-resistant segregants resulted from recombination of the tandemly repeated btuB sequences with the deletion of the btuB ϩ allele and vector plasmid sequences. The resulting ⌬btuB::aphT allele in the chromosome was transferred by P1-mediated transduction into strain RK4793, and the polA1 allele was introduced by cotransduction with zig621::Tn10 to yield strain RK8457.
Isolation of linker insertion mutations. Recombinant DNA manipulations followed standard techniques (32) or the recommendations of the manufacturers of the DNA modification enzymes. The insertion of 6-bp oligonucleotide linkers into the HhaI and TaqI sites of plasmid pAG1 was carried out as described by Barany and others (3, 4, 14) . Plasmid pAG1 DNA was purified by CsCl gradient centrifugation and treated for various times with limiting concentrations (ca. 0.5 U/g of DNA) of HhaI, HinP1, or TaqI in the presence of ethidium bromide (60 g/ml). Full-length linear DNA molecules were isolated by agarose gel electrophoresis. Phosphorylated and annealed oligonucleotide linker 5Ј-pGATCCG was ligated to the HhaI-digested plasmid, and linker 5Ј-pCGGATC was ligated to the HinP1-or TaqI-digested plasmid, with T4 DNA ligase at 16ЊC being used. Insertion of either linker creates a unique BamHI site in this plasmid. The ligation products were introduced by transformation into competent cells of strain RK5016, which were plated on Luria-Bertani (LB) agar-ampicillin plates. Plasmid DNA from approximately 5,000 pooled ampicillin-resistant transformants was digested with BamHI to linearize plasmids with an inserted oligonucleotide linker and to remove multimers of the insert. The BamHI-digested plasmid DNA was ligated with the 1.4-kb BamHI fragment carrying the kan cassette and introduced by transformation into strain RK5016.
Transformants resistant to kanamycin and ampicillin were isolated and screened for lack of growth on 5 nM CN-Cbl. The site of insertion was determined by double-stranded DNA sequencing with primers (5Ј-CAGAGATTTT GAGACACAAC and 5Ј-CGCTGACTTGACGGGACGGC) that hybridize to either end of the kan cassette and provide sequence information across both junctions. Plasmids that contained a single insertion of the cassette and no deletion or alteration of adjacent btuB sequences were retained. The 1.4-kb kan cassette was removed by digestion with BamHI and ligation, which was followed by transformation and identification of plasmids that conferred resistance to ampicillin but not kanamycin. The insertions are designated by the amino acid residue in the mature BtuB sequence that precedes the inserted dipeptide.
Construction of deletion and duplication mutations.
In-frame deletion and duplication mutations were constructed in vitro from pairs of plasmids containing linker insertions at the same relative positions in the btuB translational reading frame. Digestion of each plasmid with HindIII and BamHI generated two DNA fragments, which were purified by agarose gel electrophoresis. The shorter fragment carries sequences from the start of the btuB coding region to the site of the BamHI-linker insertion, and the longer fragment contains the remaining distal end of btuB, the plasmid vector, and the btuB promoter region. Ligation of appropriate combinations of the short fragment from one plasmid and the long fragment from the other plasmid gave rise to the defined deletion and duplication derivatives. The resulting plasmids were isolated from transformants, and the presence of the expected deletion or duplication was confirmed by the altered size of one of the restriction fragments released by HindIII and PstI, which cleave at either end of the btuB coding sequence. Each deletion or duplication protein retains the same two amino acids that were introduced by the linker insertion mutagenesis. The variant proteins are named from the BtuB residues at the deletion or duplication junctions, e.g., btuB allele dup encodes a polypeptide that extends from residues 1 to 46 followed by the dipeptide Arg-Ile, which is followed by BtuB residues from 19 to the C terminus, thereby duplicating the region between residues 19 and 46.
Phenotype assays. Growth stimulation by CN-Cbl was tested by streaking single colonies of transformed cells of strains RK4793 (metE btuB), RK5016 (recA metE btuB), and RK8457 (polA metE btuB) on minimal medium A plates with required amino acids, ampicillin, glucose, and CN-Cbl (concentrations from 1 to 5,000 nM) in place of methionine. The sizes of colonies after incubation at 37ЊC for 18 and 42 h were compared with those on the same medium with L-methionine (100 g/ml) or with no methionine source. Susceptibility to phage BF23 and colicins E1 and E3 was determined by spotting 5 l of serial 3.3-or 10-fold dilutions of these agents on LB agar-ampicillin plates containing the bacterial strain in a soft agar layer. The titer is defined as the negative reciprocal of the last dilution that gave a clear zone of cell killing. Preparations of BF23 and the colicins had a titer of 5 to 6 for the wild-type strain, i.e., they gave a clear killing zone when diluted to 10 Ϫ6 but not to 10
Ϫ7
. Susceptibility to the following agents was determined from the size, in millimeters, on LB agar plates of the growth inhibition zone surrounding paper disks containing, in micrograms per 5 l of solution, chloramphenicol (30) , deoxycholate (750), erythromycin (15) , novobiocin sodium salt (30) , rifampin (5), and sodium dodecyl sulfate (750). The diameter of the paper disks was subtracted from the reported value. Deoxycholate was dissolved in 50% ethanol, chloramphenicol and rifampin were dissolved in 50% dimethyl sulfoxide, and erythromycin was dissolved in dimethyl sulfoxide. None of the solvents alone elicited growth inhibition.
Growth response to ferrichrome. To test the effect of the expression of btuB deletions or duplications on the ability of an entA fhuA strain to use ferrichrome as an iron source, the appropriate plasmids were introduced into strain RK4371 by transformation. Ampicillin-resistant transformants were plated on soft agar on LB plates containing 0.3 mM 2,2Ј-dipyridyl, and 10-l portions of ferrichrome solutions (1 and 10 mM) were pipetted onto sterile paper disks on the plates. As controls, the response to ferric citrate at 1 and 10 mM was measured. The sizes of the zones of growth promotion were measured after 48 h at 37ЊC.
Detection of BtuB protein. Outer membranes were prepared by disruption of cells in a French pressure cell (20,000 lb/in 2 ). Unbroken cells and debris were removed by centrifugation at 7,000 ϫ g, which was followed by sedimentation of the outer membrane by centrifugation at 20,000 ϫ g. Proteins were suspended in 10 mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid), pH 7.5, separated on 10% polyacrylamide gels with 0.1% sodium dodecyl sulfate, and stained with Coomassie brilliant blue as previously described (23) .
RESULTS
Characterization of btuB dipeptide insertion mutants. The previously described series of 10 btuB mutations resulting from the insertion of a 6-bp oligonucleotide linker into HpaII sites (14) was extended by the insertion of a 6-bp linker into 16 TaqI or HhaI-HinP1 sites ( Table 2 ). All 26 insertions introduce a BamHI recognition site and encode dipeptide Asp-Pro, GlySer, or Arg-Ile, depending on the position of the insertion relative to the translational reading frame.
The BtuB phenotypes conferred by the dipeptide insertions were determined in a btuB polA host with the plasmid present at a single copy following its recombination into the chromosomal btuB locus and in a btuB recA host with expression from the multicopy plasmid. Expression of amplified levels of the BtuB variants might allow detection of low levels of transport activity. Most of the insertions had normal BtuB function when present in a multicopy. Only the insertions after residues 46, 50, 252, and 412 impaired utilization of 5 nM CN-Cbl for (Table 2) . A substantial decrease in the response to phage BF23 or the E colicins was seen with insertions at residues 19, 46, 50, 114, 190, and 252. Similar results were seen when the btuB alleles were present in a single gene copy. Levels of BtuB protein in the outer membrane fraction were comparable in all cases to those expressed from the wild-type plasmid, pAG1 (data not shown) (14) . The insertions at residues 34, 46, and 50 resulted in the production of two BtuB species, one of wild-type mobility and the other corresponding to a polypeptide smaller by 2 to 4 kDa (data not shown). Thus, the insertion of two amino acid residues at 19 of 26 sites in BtuB had no obvious effect on its function, localization, or stability in the outer membrane.
In-frame deletions in BtuB. The unique BamHI sites introduced by the linker insertions provided a simple means for the generation of in-frame deletions of defined BtuB segments. The new insertions permitted the construction of 18 new deletions, yielding a set of 27 deletions which span residues 5 to 514 in an overlapping manner and remove residues in increments ranging from 6 to 248 residues ( Fig. 1) (23) .
The growth response to CN-Cbl and the susceptibility to the E colicins and bacteriophage BF23 were assayed with each btuB deletion allele present in a single copy in polA strain RK8457 or in plasmid-borne copies in strains RK5016 and RK4793 (Table 3 ). Only two of the deletion variants were able to restore any BtuB functions at either gene copy number (indicated as solid bars in Fig. 1 ). The short deletion between residues 235 and 240 behaved like wild-type btuB. The deletion between residues 114 and 132 displayed the wild-type response to the BtuB-dependent lethal agents and to 10 nM CN-Cbl but grew poorly at 1 nM CN-Cbl. This deletion, del(114-132), removes most of a region that is conserved in TonB-dependent transporters (BtuB residues 106 to 133) and may be impaired for binding to CN-Cbl or coupling to TonB. All the other deletions showed no growth response to 5 nM CN-Cbl and were fully resistant to phage BF23, colicin E1, and colicin E3 at titers 10 5 times higher than those lethal for the wild-type cell. To detect the presence of the BtuB deletion proteins, the outer membrane proteins of cells of RK4793 or recA strain RK5016 carrying plasmids with the deletion variants were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Cells were grown in the absence and presence of 5 M CN-Cbl so that the BtuB polypeptides could be identified on the basis of their repressibility (17, 23) . Cells carrying plasmid pAG1 with the intact btuB gene produced BtuB at levels easily seen by staining with Coomassie blue (Fig. 2) . The Btu ϩ deletion variant, del(235-240), was expressed at wild-type levels and showed slightly increased electrophoretic mobility. The deletion variant with reduced BtuB function, del(114-132), was expressed at lower levels. Several Btu Ϫ deletion variants (indicated by gray striped bars in Fig. 1 ), i.e., del(5-50), del , del(34-52), del(52-136), del(235-252), and del(375-434), produced detectable amounts of a polypeptide with the expected size. Two CN-Cbl-repressible BtuB species differing by 2 to 4 kDa were seen in the cases of del , del(34-52), and del(114-132). All of the other BtuB Ϫ deletion variants (indicated by hatched bars in Fig. 1 ) did not produce any CN-Cblrepressible outer membrane polypeptides in amounts detectable by Coomassie blue staining ( Fig. 2 and data not shown) . The expression of the deletion derivatives had little effect on the levels of other outer membrane proteins.
In-frame duplications in BtuB. Restriction fragment ex- a One-letter designation of the deduced amino acid sequence before and after insertion of the 6-bp oligonucleotide linker. b Phenotypes were determined on multicopy plasmids and are described as follows. Btu (growth on minimal medium with 5 nM CN-Cbl): ϩ, same colony size as the host strain carrying pAG1 with the wild-type btuB gene; Ϯ, markedly reduced growth; Ϫ, no growth. Lethal agents (phage BF23, colicin E1, and colicin E3): S, same susceptibility as the strain carrying pAG1; R, same susceptibility as the strain carrying the vector plasmid; numbers, log of the reduction in titer in response to the indicated agent (e.g., a 1 indicates a 10-fold decrease in titer). ND, not done. changes similar to those used for generation of the deletion derivatives were used to construct btuB variants containing in-frame duplications. A set of 23 variants containing overlapping duplications that span the region from residues 5 to 514 was prepared; the segments that were deleted in the previous set of mutants were duplicated in this set (Fig. 3) . Strains carrying these variants in multiple and single gene copies were analyzed for their BtuB phenotypes and the profile of outer membrane polypeptides. Almost all of the duplications were able to utilize 1 nM CN-Cbl and were at least partially susceptible to the BtuB-dependent phage and colicins (Table 4) . A few duplications were impaired in their utilization of CN-Cbl. For example, dup(114-46) and dup(102-50) were unable to grow on 10 nM CN-Cbl, dup(434-375) was impaired at 10 nM but not at 1 nM CN-Cbl, and dup(46-19) and dup(459-412) had reduced growth with 1 nM but normal growth with 10 nM CN-Cbl.
Electropherograms of the outer membrane polypeptides from cells carrying btuB duplication plasmids showed that all of the duplication-bearing plasmids except dup(114-46), dup(102-50), and dup(514-434) produced detectable amounts of BtuB polypeptides in the outer membrane ( Fig. 2 ; indicated by solid bars in Fig. 3 ). Multiple electrophoretic species differing by 2 to 4 kDa were observed for several duplications. Expression of dup(240-235) resulted in markedly reduced levels of OmpF, but expression of the other duplications had little effect on the levels of other outer membrane proteins.
Duplications of increasing length. To evaluate the maximal length of the duplicated sequences that could be inserted into the outer membrane with retention of function, two sets of nested overlapping duplications were constructed, with residue 34 or 514 being used as one of the junction points (Fig. 4) . Two different responses were seen. All of the duplications extending from residue 34 had nearly wild-type levels of all BtuB functions (Table 4 ) and produced a CN-Cbl-repressible outer membrane polypeptide of the expected size (Fig. 2) . Even the longest duplication, dup(380-34), a polypeptide of 940 amino acids with a duplicated region of over half the length of the wild-type protein, functioned almost identically to the shortest duplication at this site, dup(52-34). In contrast, duplications of sequences near the C terminus that were inserted at residue 514 were poorly tolerated. The shortest duplication, dup(514-434), conferred growth of the cells on CN-Cbl but did not confer susceptibility to the BtuB phage and colicins. The four longer duplications at this junction site were totally impaired in utilization of CN-Cbl and in all other BtuB functions, and only dup(514-420) yielded outer membrane polypeptide (Fig. 2) .
Outer membrane barrier alteration. The phenotypes shown by the BtuB variants led us to investigate the effect of their expression on outer membrane permeability to see if a single region appears to provide a gating function similar to that seen in FhuA (19) and FepA (24, 31) . The strains carrying deletion and duplication variants of BtuB were tested for growth on MacConkey plates, which contain dyes and bile salts, and for growth inhibition by various antibiotics and detergents (Tables  3 and 4 ). MacConkey's medium and the chosen levels of antibiotics did not inhibit growth of the host strain carrying the vector plasmid, with the exception that the overexpression of wild-type BtuB from plasmid pAG1 resulted in increased susceptibility to rifampin. All of the strains tested were resistant to deoxycholate and sodium dodecyl sulfate, except for del(114-132), which was sensitive to sodium dodecyl sulfate. All strains were sensitive to chloramphenicol, but strains showing inhibi- 
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Of the 27 deletion variants that were examined (Table 3) , 15 were unable to grow on MacConkey plates. All but 1 [del(186-235)] of the 12 strains that grew on MacConkey plates showed normal sensitivity to the antibiotics, whereas all but 1 [del(420-434)] of the MacConkey-sensitive strains displayed increased susceptibility to the antibiotics compared with the same strain carrying the vector plasmid or btuB ϩ plasmid pAG1. The hypersensitive strains had various responses to the antibiotics tested. Susceptibility to erythromycin was most consistently correlated with inhibition of growth on MacConkey plates, whereas the responses to novobiocin and rifampin reflected different increases in various MacConkey-sensitive mutants. Except for del(235-240), all strains that expressed detectable amounts of a BtuB deletion protein displayed elevated outer membrane permeability, but numerous deletions which did not express detectable levels of BtuB also displayed a hypersensitive phenotype. Thus, deletion of segments from most regions of BtuB can result in increased susceptibility to compounds normally excluded by the outer membrane.
Of the 23 BtuB duplication variants, only 6 showed wild-type growth on MacConkey's medium and a wild-type response to the antibiotics that were tested (Table 3) . Of the remaining 17 MacConkey-sensitive duplications, 3 [dup(114-46), dup (136-52), and dup(514-434)] displayed wild-type responses to the antibiotics. The remaining 14 duplications, distributed throughout the BtuB polypeptide chain, were hypersensitive to antibiotics. As with the deletions, the duplications showed a considerable range in their degrees of hypersensitivity to the tested antibiotics. Many duplications that displayed wild-type BtuB function nevertheless conferred a hypersensitive phenotype. All of the nested duplications carrying increasing lengths of N-terminal sequences showed roughly normal BtuB function and exhibited the hypersensitive phenotype (Fig. 4 and Table 4 ). All of the nested duplications near the C-terminal end were defective for BtuB function and did not confer the hypersensitive phenotype. 
a One-letter designation of the deduced amino acid sequence spanning the site of the deletion. b The Btu growth phenotypes (at 1 nM CN-Cbl) were determined with btuB variants in single copies at the chromosomal locus. Ϯ, normal growth at 10 nM CN-Cbl but poor growth at 1 nM CN-Cbl.
c The responses to Btu ligands are as described in footnote b to Table 2 . r, partial resistance, with killing only at the highest concentration of phage or colicin. d Relative amounts of CN-Cbl-repressible BtuB polypeptide in the outer membrane fraction, as judged from Fig. 2 and data not shown. A response of ϩ4 is judged to be equivalent to that of the same host strain expressing wild-type BtuB. Production of a doublet of bands separated by 2 to 4 kDa is indicated by d. Ϫ, no polypeptide detected.
e Growth promotion by siderophores was measured on the basis of the diameter, in millimeters, of the zone of growth promotion surrounding paper disks containing 5 l of 1 mM ferrichrome or ferric citrate on plates on nutrient agar containing 0.3 mM 2,2Ј-dipyridyl and a soft agar layer of each strain. The diameter of the paper disk was subtracted. The strains were RK4371 containing plasmids carrying various btuB variants. Ferrichrome gave an 18-to 24-mm zone for strain RK4321, the fhuA ϩ progenitor of RK4371. ND, not done.
f The responses to the antibiotics were determined with each btuB variant present on a multicopy plasmid. Similar hypersensitivity was seen when the variant was present at a single gene copy number, except that the size of the inhibition zone was smaller. The antibiotics used were novobiocin (Nb), erythromycin (Em), and rifampin (Rf). The diameter of the zone of inhibition, less the diameter of the paper disk, is indicated in millimeters.
g Growth on MacConkey's agar medium.
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To test whether the hypersensitive phenotype was a consequence of the overexpression of btuB from multicopy plasmids, the behavior of polA strains carrying the btuB variants in the chromosome was determined. In almost all cases, those variants that conferred a hypersensitive phenotype when in multicopy conferred a similar phenotype when in single copy, except that the magnitude of the effect was reduced, as judged by the smaller sizes of the zones of inhibition (data not presented). Similarly, diminished hypersensitivity was seen when btuB expression from the multicopy plasmids was repressed by growth in the presence of CN-Cbl. Thus, the hypersensitive phenotype is not a consequence of the production of abnormally large amounts of these variant outer membrane proteins.
Effect on utilization of ferrichrome. To determine whether the utilization of CN-Cbl and the increased susceptibility to inhibitors were the result of a general increase in outer membrane permeability, we tested whether plasmids carrying these btuB variants would allow fhuA entA strain RK4371 to utilize ferrichrome as an iron source. The growth response on irondepleted nutrient agar medium to paper disks containing 1 and 10 mM ferrichrome showed that only two deletions, del(235-252) and del(375-434), conferred the ability to use ferrichrome 
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on January 7, 2018 by guest http://jb.asm.org/ (Table 3 ). None of the tested duplications was able to use ferrichrome. All strains showed wild-type growth promotion by a FhuA-independent siderophore, ferric citrate. TonB dependence of CN-Cbl uptake. Plasmids carrying each of the btuB alleles that conferred CN-Cbl utilization in a btuB mutant host were introduced into btuB tonB strain RK4430 to test whether CN-Cbl uptake was still dependent on TonB function. All of the BtuB variants were unable to grow on 10 nM CN-Cbl in the absence of TonB function, except for dup , which grew at 10 nM but not at 1 nM CN-Cbl. Thus, all of the Btu ϩ variants still require TonB protein for transport activity.
DISCUSSION
The crystal structures of porin proteins have given valuable insights for structural predictions for outer membrane transport proteins by showing that the barrel-like transmembrane structure is formed from segments of amphipathic ␤-sheets bounded by aromatic collars and is often terminated by sharp turns (12, 33, 34) . The structures of BtuB and the siderophore transporters are likely to be similar. Deletions in siderophore transporters FepA [del(202-340)] (31) and FhuA [del(322-355)] (19) identified a region that is involved in ligand binding and possibly the formation of a gating structure that regulates passage through the transmembrane channel (20, 21) . We present here the first report of a systematic investigation of the effect of sequence changes along most of the length of a TonBdependent transporter. These variant forms provided information about changes in membrane localization and outer membrane permeability and demonstrate numerous locations in BtuB which affect gating function.
BtuB, like other TonB-dependent transporters and some porins, is remarkably tolerant of short insertions of two to four 
The Btu growth phenotypes (at 1 nM CN-Cbl) were determined with btuB variants in single copies at the chromosomal locus. Ϯ, normal growth at 10 nM CN-Cbl but impaired growth at 1 nM CN-Cbl.
b The responses to Btu ligands were determined with btuB variants in single copies at the chromosomal locus. The responses are as described in footnote b to Table 2 . c Relative amounts of CN-Cbl-repressible outer membrane polypeptide, as estimated from data in Fig. 2 and data not shown. The amount in the strain carrying pAG1 is designated as ϩ4. Formation of a doublet of bands separated by 2 to 4 kDa is indicated by d. Ϫ, no polypeptide detected.
d The antibiotics used were novobiocin (Nb), erythromycin (Em), and rifampin (Rf). The diameter of the zone of inhibition, less the diameter of the paper disk, is indicated in millimeters. The response to the antibiotics was determined with each btuB variant present on a multicopy plasmid. Similar hypersensitivity was seen when the variant was present at a single gene copy number, except that the size of the inhibition zone was smaller.
e Growth on MacConkey's agar medium. Asterisks indicate poor growth on LB medium.
amino acid residues. Of the 26 dipeptide insertions in BtuB, 18 had no obvious effect on BtuB function. Seven of the eight insertions that impaired function were located in or very near sequence segments that are highly conserved among TonBdependent transporters; only the insertion at residue 252 was in an unconserved region. The majority of transport-defective oligopeptide insertions in FhuA were also located in or near these conserved regions (10, 22) . None of the dipeptide insertions significantly impaired incorporation in the outer membrane, although the polypeptides with insertions at residues 34, 46, and 50 were subject to proteolytic cleavage near the sites of the inserted dipeptide. Thus, even sites in which insertions resulted in loss of transport function were permissive for stable incorporation in the membrane. Using the set of 26 linker insertions, we constructed an overlapping set of in-frame deletions that spanned BtuB in a continuous manner from residue 5 to residue 514. It was hoped that these deletions would provide information about the positions of sequences necessary for individual transporter functions or for outer membrane targeting. Two of the three deletions that were stably inserted into the outer membrane retained BtuB functions. The del(235-240) deletion had no apparent effect on transport activity or on outer membrane permeability properties. The short region that was deleted does not fall within predicted transmembrane segments or in regions conserved among TonB-dependent transporters. In contrast, del(114-132), which removes a highly conserved region, exhibits wild-type susceptibility to the TonB-independent E colicins and phage BF23 but is impaired in utilization of low concentrations of CN-Cbl. This deletion confers increased sensitivity to all of the antibiotics tested and is the only mutation that confers sensitivity to sodium dodecyl sulfate. These results indicate that this region may be involved in TonB-dependent functions and channel gating but is not needed for TonBindependent processes or for translocation to the outer membrane.
Most of the proteins with deletions in the N-terminal region were present in the outer membrane but were not functional, indicating that sequences between residues 5 and 136 are essential for transport activity but not for incorporation in the outer membrane. Two proteins with deletions in this region, del(46-114) and del(50-102), were not detected in the outer membrane. It is unlikely that these deletions removed an essential targeting segment, since overlapping deletions covering the same region, del(34-52) and del(52-136), were targeted to the membrane. Rather, these sites are particularly intolerant of sequence changes, since dipeptide insertions at residues 46 and 50 confer proteolytic lability, altered transport function, and decreased affinity for calcium (6) .
All of the deletions in the region spanning residues 136 to 514 were defective for incorporation in the outer membrane, except for two short deletions, del(235-240) and del(235-252), which do not remove predicted transmembrane segments, and del(375-434). All of the other deletions remove part or all of one or more predicted transmembrane segments in a model devised by P. Klebba (University of Oklahoma). This finding suggests that the proper progression of transmembrane segments in the region between residues 136 and 514 is necessary for stable membrane insertion. A similar result with FhuA polypeptides carrying deletions after residue 168 was described. These polypeptides were present in the outer membrane at greatly reduced levels that required immunological detection or were present as proteolytic fragments, suggesting that the deletion proteins were translocated to the outer membrane but were not stably inserted (9) . Perhaps the use of more sensitive immunological detection assays might reveal the presence of small amounts of BtuB polypeptides.
The existence of discrete outer membrane localization signals has been suggested from the behavior of hybrid proteins fusing the N-terminal portion of an outer membrane protein to reporter protein ␤-galactosidase or alkaline phosphatase (5, 11, 27, 35) . Outer membrane association of PhoA required the presence of at least 100 residues of FepA and FhuA (11, 27) or 400 residues of BtuB (23) . Since short deletions of sequences between BtuB residues 136 to 514 affected membrane insertion or stabilization, it is clear that if discrete targeting signals are present, they are not sufficient for stable insertion of deleted forms of BtuB.
If the proper progression of transmembrane segments is required for stable insertion in the outer membrane, it was The responses of these variant proteins indicate that several regions of BtuB have specific roles in transport. (i) The aminoterminal region of residues 5 to 186 is remarkably tolerant of both deletions and duplications: proteins altered here retained function, produced detectable polypeptide in the outer membrane, and maintained outer membrane integrity (with the exceptions due to protease sensitivity resulting from changes around residue 50). One interpretation is that this region of BtuB forms a subdomain that is not part of the porinlike transport channel. This domain may be involved in interaction with TonB through its TonB boxes and may possess conformational flexibility. (ii) Alterations of certain regions within the body of the BtuB protein [dup(252-235), dup(240-235), and del(235-240)] resulted in nearly wild-type responses and did not affect the permeability of the outer membrane, indicating that these sites may be on exposed loops. (iii) Two deletions, del(235-252) and del(375-434), were unusual in that they allowed production of substantial amounts of the BtuB polypeptide in the outer membrane and conferred utilization of ferrichrome in an fhuA host. Both mutants conferred the hypersensitive phenotype but did not allow CN-Cbl uptake. These deletions may be part of a channel-gating loop similar to that described for FhuA and FepA. (iv) Most of the BtuB polypeptide from residues 186 to 486, with the noted exceptions, was required for stable membrane insertion and resulted in altered permeability when duplicated. We predict that these residues (perhaps extending to the C terminus) constitute the body of the transmembrane channel. Alteration of these regions by duplication may enlarge or distort the channel or disrupt the closure of the gate so that compounds that are normally excluded by the outer membrane can enter through the BtuB channel. The altered dimensions of the channel and gate might account for the variety of hypersensitive responses to the different compounds seen in the mutants.
The presence of aberrant forms of an outer membrane polypeptide may cause a local lipid distortion that allows increased penetration of hydrophobic compounds through the membrane bilayer (29) . Several of the deletions yielded highly aberrant phenotypes. The del(186-434), del(252-343), and del(343-375) polypeptides were not detectable in the outer membrane but still conferred altered outer membrane permeability. If the hypersensitive phenotype results from the presence of an aberrant polypeptide species in the outer membrane, the existence of hypersensitive mutants with no detectable BtuB polypeptide indicates that these polypeptides are inserted into the outer membrane but are then rapidly degraded. Deletions that did not confer hypersensitivity were either very rapidly degraded or never inserted in the membrane. These deletions span residues 114 to 420 and are interspersed with deletions of the hypersensitive class. The inability of most of the BtuB duplications to transport ferrichrome and their dependence on TonB function for CN-Cbl uptake indicate that the membrane distortion leading to hypersensitivity does not result in general loss of outer membrane integrity. The retention of BtuB function by hypersensitive duplications suggests that the transport properties of these proteins are not as strongly impaired as would be expected if an essential gating function were disrupted. It is possible that the duplication variants exist in two populations: full-length polypeptides that confer normal BtuB function and proteolytic fragments that are inactive for BtuB transport but confer nonspecific uptake.
A model of the transmembrane topology of BtuB is premature at this time. Further structural information should explain the mutant phenotypes in terms of loss of transmembrane segments or of substrate-binding sites.
